Abstract The issues of describing and understanding the changes in performance that result when a catalyst is placed into plasma are discussed. The different chemical and physical interactions that result and how their combination might produce beneficial results for the plasma-catalytic processing of different gas streams are outlined with particular emphasis being placed on the different range of spatial and temporal scales that must be considered both in experiment and modelling. The focus is on non-thermal plasma where the lack of thermal equilibrium creates a range of temperature scales that must be considered. This contributes in part to a wide range of inhomogeneity in different properties such as species concentrations and electric fields that must be determined experimentally by in situ methods and be incorporated into modelling. It is concluded that plasmacatalysis is best regarded as conventional catalysis perturbed by the presence of a discharge, which modifies its operating conditions, properties and outcomes often in a very localised way. The sometimes used description "plasma-activated catalysis" is an apt one.
Introduction
Plasma-catalysis, whereby in a material with catalytic properties in placed into or in close proximity with a gas discharge or plasma with the aim of achieving a beneficial improvement in the performance of the plasma processing of gas streams, has been a topic of research for almost a century. Kim et al. [1] has given an extensive history of the development of plasma-catalysis and pinpoints the first experiment where a catalyst was deliberately combined with an electrical discharge as being performed in 1921 by Ray and Anderegg [2] . They attempted to convert carbon monoxide to carbon dioxide by firstly using a silent discharge (as developed previously to produce ozone) in an atmospheric pressure mixture of oxygen and carbon monoxide and then passing the treated gases over a silver catalyst, observing that: "It is obvious that part of the oxidation takes place in the ozonizer while the gases are under the influence of the silent discharge and that part takes place while the gases are under the influence of the catalyst." The addition of a downstream Ag catalyst gave enhanced oxidation of the CO compared to experiments performed in 1879 by Berthelot [3] using a similar configuration but without a catalyst. A relatively small number of experiments were performed until the 1980's when there was a rapidly increasing number of reports motivated by the potential of plasma-catalysis to provide an efficient and sustainable process for a range of environmental, chemical and energy-related processes [4] . Recent review articles on plasma-catalysis will give a flavour of the range and nature of current research [1, [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Initially, experiments yielded only averaged properties of the final states of the plasma-catalytic processing obtained by analytical methods applied to the processed gas streams or the catalyst when removed from reactor and the majority of current experiments still do. However, such experiments yield considerable and valuable information about the overall mechanism of the processing especially when the processing parameters of the plasma and the properties and composition of the gas and catalyst are systematically varied. The information about the underlying fundamental mechanism is generally obtained by intelligent and informed inference from the observed results sometimes supported by theoretical modelling or simulation based on some assumption about the physical and chemical behaviour of the plasma and catalyst involving gas dynamics, gaseous electronics, the chemical and physical properties of the catalyst and the supposed reaction mechanisms (gas and surface). Even at this stage, it quickly becomes clear that the mechanism of plasmacatalysis is a multivariable and complex interaction of many chemical and physical processes and properties that are hard to disentangle and understand. Using observables that are of bulk properties averaged over time and space is always going to limit the detail and hence the extent of understanding obtained.
We can obtain more information if we can look directly at the process whilst it is ongoing rather than looking at the final states of the processed gas and catalyst, which may have undergone some further change before their ex situ analysis thereby reducing the relevance of their analysis to gaining an understanding the mechanism of the process. Several groups are now able to explore the processing with in situ probing of the gases and the catalyst. This allows gaseous and surface-bound intermediates to be monitored whilst the processing is proceeding and gives fundamental information that is lacking from the "first generation" plasma-catalysis experiments. Indeed some of these experimental techniques can be configured in such a way as to provide spatial and temporal information as the processing takes place. This higher level of experimental information will enable us to probe the process at a more basic level and thereby gain a deeper understanding. This more detailed experimental information will provide confirmation of assumptions made by the modellers and allow their deductions about the mechanism of plasmacatalysis to be verified or not. In this way, our understanding will be obtained from an interpretation of the experimental data by inference or reasoning by analogy combined with a dynamical mechanism derived from established chemical and physical principles.
When considering the information that can be obtained, we need to consider the range of variables that can be studied in these processes. How do the properties of the gas flow, i.e., the gas dynamics and the chemical composition, the electrical properties of the discharge and the construction of the reactor affect the processing? What about the physical and chemical properties of the catalyst and its morphology? What is the range of distances and time scales that are appropriate to measure over? It is clear that different ranges of these variables will be appropriate to describe certain aspects of the mechanism. It is all a question of scale. For example, the fundamental chemical and physical dynamics of the processing can be considered at a molecular level with atomic distances, i.e., nanometre and nano-or sub-nanosecond time scales but also reaction times that can range from micro-second to several seconds as they depend on the gas flow rates and reaction cross sections. Physical processes including gaseous and surface diffusion, heat transfer and electrostatic properties such as gas breakdown, streamer propagation also require a range of distances that go from nanometre to the dimensions of the apparatus and time scales that go from sub-microsecond to minutes. The objective of this review is to examine the range of times and distances that we can or might expect to be able to measure over and where different processes relevant to plasma-catalysis lie on these scales.
The interaction of plasma and catalyst
To understand how plasma and catalyst might interact, we need to understand the nature of plasma and catalyst separately.
Essentially, plasma is an ionized gas containing an equal number of positive ions as of electrons and negative ions. It is thus electrically neutral and its degree of ionization can range from very low, i.e., partially ionized, to 100%, or fully ionized. Technically, plasma can be created by a variety of discharge techniques involving chambers with electrodes energized by direct current, pulsed or alternating currents including electrodes screened by a dielectric material or using electrode-less systems such as inductively-or capacitively-coupled radio frequency radiation and microwaves. These discharges bring about a breakdown of the gas and create a range of species such as electrons, ions, dissociated and excited species giving plasma reactive properties that can potentially bring about chemical transformations. It can be characterized by the pressure regime in which it operates; either low, being less than atmospheric or high pressure, being atmospheric or higher. Low-pressure conditions favour surface collisions making catalytic effects easier to notice and they also minimise the deactivation of the excited states produced in the plasma through gas-phase.
Another distinction concerns the degree of thermal equilibrium in the plasma. It may be thermal with all the degrees of freedom including the electrons, ions and neutral species having the same temperature as the bulk gas (typically > 1000 K). In contrast, non-thermal plasma has a high degree of disequilibrium between the light electrons and the heavier particles (ions, radical and molecules). Little kinetic energy is transferred between the light electrons and the heavy atomic and molecular species that remain close to their ambient temperature. Thus, a non-thermal discharge can create excited and reactive species that can normally only be produced in an equilibrium system such as an arc or flame at very high temperatures. Hence, plasma typically produces ionised, excited and reactive gaseous species in relatively low concentrations compared with the bulk neutral atomic and molecular species providing the means by which the key components in the gas stream are destroyed or converted into other potentially useful chemicals. In plasma-catalysis, these ionised, excited and reactive gaseous species can also interact with a catalyst at near ambient temperatures for which conventional thermal catalysis would be inactive. Typically, much of the research in plasmacatalysis has focussed on the use of atmospheric pressure, non-thermal plasma because of the simplification in engineering systems without the need for vacuum systems to obtain low pressures and the benefit that its low temperature operation minimises corrosion and deterioration of the catalyst through sintering or coking. In this review, I will mainly focus on the use of non-thermal plasma interacting directly with a catalyst.
Plasma-catalysis is a variant of heterogeneous catalysis where the gaseous phase of the reagents and products differs from the solid phase of the catalyst. Solid catalysts come in a variety of forms that all have the property of absorbing species onto their surface and thereby allowing possible migration into their bulk. Commonly, an active material such as a transition metal is placed onto a support material such as metal oxide or silica, a ceramic in a pressed or honeycomb form or zeolites. The role of the support is to provide a high surface area, with defined porosity and to give thermal and mechanical stability. The species that are adsorbed onto the catalyst can remain in their gaseous form upon adsorption and be weakly bound (called physisorption) or they may become dissociated into fragments and be strongly bound to the surface (chemisorption) and then react with either other species on the surface in a Langmuir-Hinshelwood process or by contact with an incoming gas-phase species via an Eley-Rideal mechanism. In contrast to thermal catalysis where the reactive species are formed dissociatively only on the surface of the heated catalyst, in plasma-catalysis reactive species can also be formed in the gas-phase either by dissociation within the plasma or by subsequent gas-phase reactions of plasma-excited species. The lifetime of these gaseous species that may become involved in an EleyRideal reaction with something adsorbed on the catalyst can range from a few nanoseconds in the case of electronically excited atoms or molecules through microseconds and seconds for radicals to several minutes for metastable species such as ozone. Electronically-excited species commonly encountered in plasma include atomic and molecular states of oxygen (O 1 D, E = 1.967 eV, t 0 = 150 s; O 2 a 1 D, E = 0.977 eV, t 0 = 64.6 min) and nitrogen (N 2 D, E = 2.38 eV, t 0 ≈17 h; N 2 P, E = 3.576 eV, t 0 ≈12 s; N 2 A 3 S u , E = 6.224 eV, t 0 = 2.0 s). However, it is important to realize that at atmospheric pressure the mean free path between collisions is typically 100 nm and the time interval between collisions is~1 ns. Thus the plasma-produced species may loose their energy by collisional quenching or be removed by gas-phase reactive collisions. The high reactivity of electronically excited atomic oxygen, O 1 D, for example, reduces its lifetime from 150 s in the absence of collisions to~1 ns in a humid, atmospheric pressure, air plasma due to quenching by air molecules and reaction with water to form the hydroxyl radical, OH.
The lifetime of the plasma-produced reactive species is a key parameter in determining their effectiveness in a plasma-catalysis reactor. For example, many plasmacatalytic processes involve oxidation where the key reagents are ground state oxygen atoms, O 3 P, and hydroxyl radicals, OH. The lifetime of a ground state oxygen atom, O 3 P, in an atmospheric pressure plasma in dry air is~14 µs [17] and that of OH depends on the gas composition but is typically 100 µs in an air plasma but this reduces to~20 µs in the presence of a potential reagent such as trichloroethylene [18] . This means that there will only be a narrow region or boundary layer immediately above the catalyst surface from which the short-lived plasma-created species can be adsorbed or participate in an Eley-Rideal type collision. Kim et al. [19] have calculated that for ground state oxygen atoms or OH radicals this layer will have a thickness of~50 µm. Outside of this layer, species produced by the plasma will react or be deactivated in the gas-phase in the same way that they do in the absence of the catalyst. This suggests that to gain the maximum effect from plasma-catalysis, the reactor must be designed and scaled in such a way that the plasma creates the reactive species very close to the surface of the catalyst (within a boundary layer of £50 µm). This could be achieved by using a porous material coated with the active catalyst through which the gas flows and the plasma is formed of surface discharges that propagate through the pores. Hansel [20] describes the formation of microdischarges inside the microporous ceramic foams. We shall discuss the criteria for propagation of plasma in porous material below. It is important that we can determine the spatial distribution of reactive species created in the volume of the plasma discharge especially those that exist close to the surface of the catalyst. Examples exist in the literature of the use of planar laser-induced fluorescence to determine such two-dimensional concentration profiles in plasma [21, 22] and catalytic studies [23, 24] and it would be timely to make such measurements in a suitable plasma-catalysis system. Such spatially resolved information will generate valuable insight and provide important information upon which theoretical modeling can be based.
Recently, Christensen and co-workers [25] have suggested that there may also be a liquid-surface boundary layer involved in the process of plasma-catalysis where a liquid film could play an important role in the formation of species such as ketene and C 2 O 5 when processing a CO 2 / CH 4 /N 2 mixture in a dielectric barrier discharge (DBD) with a Macor catalyst. The liquid film was found to be composed of many species including acetamide. As well as its effects on the chemistry, the liquid film also modifies the electric field experienced by the discharge as there is a change in the overall dielectric constant as the liquid film builds up. They make the intriguing suggestion that it might be possible to direct the plasma-induced chemistry that takes place at or near the plasma/liquid interface by adding a controlled amount of liquid thereby using the dielectric constant of the liquid to control the electric field at the interface.
In addition, it is also important that we know the identity of the species that are adsorbed onto the catalyst. Ideally, this also should be performed in situ in real time during the processing. In many plasma-catalysis studies, the catalyst is analysed by removing it from the reactor at various times during the processing and performing ex situ analysis of its surface using a range of surface analysis techniques such as infrared, Raman, thermal desorption spectroscopy and X-ray photoelectron spectroscopy. But this only gives an indication of very strongly adsorbed species that remain on the surface long enough for remote analysis and will not identify the short-lived intermediates that may play an important role in the mechanism of plasma-catalysis. Recently, a range of techniques have been used for in situ detection of species at the surface in plasma-catalysis; one is diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) in which infrared radiation is reflected from the surface and collected allowing time-resolved analysis of the surface coverage of reagents, intermediates and products to be performed by identifying the vibrational frequencies characteristic of various chemical bonds and functional groups on the surface or immediately below the surface. An early application to plasma-catalysis can be found in the work of Stere et al. [26] who used DRIFTS to examine the selective catalytic reduction of NOx on a Ag/AlO 2 catalyst in the presence of toluene and n-octane where the catalyst was activated by an atmospheric pressure, helium plasma jet. Another techniques that also uses infrared spectroscopy but this time in transmission through a thin pellet of a catalyst, which is exposed to a DBD plasma has been applied to the plasma oxidation of acetone and isopropanol on a CeO 2 catalyst [27] . Intermediates observed on the surface during the oxidation of acetone included isobutene and acetic acid whereas oxidation of isopropanol gave mainly adsorbed acetone, mesityl oxide and acetate. The dynamics of the plasmacatalytic processing in terms of the production and desorption of intermediates can be studied with a time resolution of~30 s which is determined by the Fourier transform infrared spectroscopy (FTIR) spectrometer.
Azzolina-Jury and Thibault-Starzyk [28] have used stepscan, time-resolved IR spectroscopy to study, in real-time, the formation of species both in the gas-phase and on the catalyst surface with a time resolution of 60 µs. Their work is a perfect example of the interplay involving plasmacreated species in the gas-phase and species adsorbed onto the catalyst and illustrates how both processes must be considered together. They have probed the mechanism of the plasma-assisted catalytic hydrogenation of CO 2 on a nickel catalyst supported on a H-USY zeolite distinguishing between hydrogenation in the gas-phase and on the surface and identifying vibrationally-excited CO and CO 2 formed in the plasma. A schematic example of this type of plasma-assisted catalytic mechanism for the hydrogenation of CO 2 on a Ni-USY catalyst in a buffer gas of Ar at reduced pressure is shown in Fig. 1 . CO was the major end product from the pulsed plasma dissociation of CO 2 in the gas-phase. Desorbing CH 4 and H 2 O were secondary products formed on the catalyst from successive hydrogenation of intermediate formates resulting from adsorption of vibrationally excited CO 2 and of carbonyls from adsorption of the CO resulting from plasma-dissociation of CO 2 in the gas-phase. Methane selectivity is reduced by the fact that CO is adsorbed onto the nickel covering the active sites and reducing the number of sites available for CH 4 production. There was no evidence that plasma was Fig. 1 A proposed mechanism for plasma-assisted CO 2 hydrogenation over a Ni-USY zeolite. Reproduced from Ref. 28 with permission. Copyright 2017, Springer produced in the pores of the zeolite and it is thought that reaction is confined to the nickel.
3 The catalytic landscape as seen by a plasma discharge
At the end of the eighteenth and the beginning of the 19th century, the polymath, natural philosopher, botanist and explorer, Alexander von Humboldt, saw the connections between the natural and scientific worlds at a range of scales from the cosmic to the microscopic [29] . If he had had the power of electron microscopy and was observing the surface of a catalyst, he would have seen an immediate similarity with some of the landscapes that he had observed in his travels. Without the microscope, the surface of the catalyst might look flat and featureless but with the aid of the extra magnification afforded by the microscope, he would see that the surface was not smooth like a lake but had a terrain of peaks, slopes and steppes. It would contain islands of different sizes and there would be interesting openings that lead below the surface to tunnels and caves of differing sizes. On the catalyst, the islands would be the deposited particles of metal on a rough "sea" that was the substrate whose irregular features at the molecular and microscopic scale were of significance and the subterranean tunnels were the pores within the substrate. An illustration of the topography of the catalyst "landscape" can be seen in Fig. 2 reproduced from the paper by Neyts and Bogaerts [30] . It is this "landscape" that the plasma sees when it "looks" at the catalyst and the different features can cause distinct physical and chemical interactions that contribute to the overall process that we call plasma-catalysis. The plasma is essentially the atmosphere in which the landscape is placed.
One particular area of interest where we can see the effect of scale concerns the pores that lead from the surface into bulk of the catalyst. Pores in catalytic materials can selectively adsorb species depending on their size, which may affect the overall reactivity and selectivity of the plasma process. Penetration of plasma into the pores may specifically excite the adsorbed atoms or molecules creating localised reactive species. Kraus et al. [31] used Ni-and Rh-coated, reticulated alumina ceramic foams inside a DBD reactor to study the dry reforming of methane with carbon dioxide. The foam was found to have a promoting effect on the chemistry that was attributed to the small pore size of 420 µm increasing the breakdown field and giving an increased concentration of high-energy electrons producing enhanced destruction of the CO 2 . Experimental studies on the removal of pollutants from air [32] showed that for nanoporous materials (pore size < 0.8 mm), the electrical discharge does not penetrate into the pores but for mesopororus materials (pore size≥15 µm) it is possible for microdischarges to penetrate into the pores and that excited species can be stabilised in the pores giving enhanced reaction times. Considerable insight on the mechanism and nature of plasma production within a pore has come from modelling studies. The criterion is that plasma can be produced in a pore if its diameter is greater than the Debye radius of the plasma [33] . The Debye radius is typically > 3 µm in a microdischarge [34] although this value is dependent on the nature of the discharge gas and so we find that a microdischarge can be formed inside pores of µm scale as demonstrated by experiment. Modelling for He in a DBD, Fig. 2 A schematic representation of the cross-section of the gas-catalyst interaction region relevant to the plasma-catalytic conversion of the dry reforming of CH 4 with CO 2 into CO/H 2 . Reproduced from Ref. 30 with permission. Copyright 2014, Institute of Physics at atmospheric pressure [25] shows that the electron density in and close to a 200 µm pore is significantly enhanced and that for smaller pores (ca. 30 µm) an increase in charge density close to and in the pore can be achieved for high applied voltages. For nanoscale pores and an air plasma where the Debye radius is smaller for He, it is found that there is only limited penetration for a pore diameter of 50 nm but that there is penetration within a 500 nm diameter pore for a high enough applied voltage [35] . The formation of reactive species by any plasma created within a pore will be limited by the ability of the precursors to diffuse into the pore. For an atmospheric pressure plasma Kim et al. [19] has shown that estimates of the rates of diffusion indicate that penetration into pores of nanometre dimension ( < 2 nm) is unfeasibly slow but that on a slightly larger scale (2-50 nm) it could be possible. Taken with the modelling results, it can be seen that plasma-generated species can be formed inside the pores of structured catalysts, which may interact with the catalyst surface and contribute to the plasma-catalyst interaction.
The "islands" of metal catalysts located on the substrate that the plasma can see, act as active sites upon which species formed in the plasma can be adsorbed and react or dissociate or else they can spill over onto the substrate and undergo further reaction before desorbing. Species can also be directly adsorbed onto the substrate and may produce different reaction products to those that are activated on the metal [36] .
Surface irregularities on the catalyst or points of contact formed between the catalytic particles can cause enhanced electric fields when exposed to the plasma. These can give rise to local hotspots where a disproportionally high amount of the plasma-catalytic processing may take place [8] . Kim and co-workers [1] have discussed the timescale for heat transfer where the catalyst may be in the form of nanoscale metal particulates on a support material and this is summarized in diagrammatic form in Fig. 3 . Because the metal particles (10 nm) are much smaller than the size of the support particles (~2 mm), as energy is supplied to the catalyst by the plasma, the metal will be heated at a much more rapid rate than the support giving heating times of 10 -12 and 5 s, respectively. Thus, the metal particles will heat and cool much more rapidly than the support under pulsed plasma excitation. This indicates that in a nonthermal plasma multiple temperatures are needed to describe the species in the gas phase and on the catalyst that may vary with position within the reactor and also critically with time. In essence, there is a high degree of inhomogeneity with respect to time and position for many of the properties association with the plasma-catalytic process including the concentrations of the different species (including the electrons), the electron energies, the electric fields and the temperatures of surface features and of the different internal modes of the gaseous species.
The electrical properties of the catalytic material can also play an important role in how the plasma interacts with the catalyst. The use of dielectric materials can have a profound affect on the electrical properties of the discharge by changing the capacitance of the plasma reactor. This will influence the discharge breakdown voltage and the charge that can be transferred between the electrodes. In general, more electrical energy can be deposited into a discharge when materials of higher dielectric constant are used resulting in the formation of more electrons of higher energy giving increased yield of ionised and excited species.
The nature of the packing of the plasma-catalytic reactor is important. For example, when a DBD reactor is filled with spherical beads of a high dielectric material such as BaTiO 3 or ZrO 2 . Such materials are often ferroelectric and polarisation effects can cause enhanced electric fields at the points of contact between the beads giving higher concentrations of excited species. The nature of the discharge changes from streamers propagating in the gas when there is no packing to a mixture of gaseous and surface discharge when there is packing present. Increased conversion of CO 2 is observed [37] [38] [39] [40] in these arrangements and simulations [41, 42] confirming that there are enhanced electric fields where the beads touch and the electron density is higher in these regions. This causes stronger and faster development of the plasma. The bead size is also important in affecting the conversion of the CO 2 which increases as the bead size decreases as long as it is possible to sustain a discharge as the breakdown voltage for plasma action increases strongly as the size decreases [39] . Michielsen et al. [38] suggest that all these observations have wider implications for plasma-catalysis as the conversion obtained is not just a function of the active sites on the catalyst which is deposited on a support material but also on how that support material is packed into the reactor. There is a positive contribution from the packing to the conversion when using smaller sizes packing materials due to electric field enhancement at the contact points, but also a negative contribution resulting from the lower residence time of the gases because of the volume reduction at a given flow rate. Overall, this can give either a positive or negative effect depending on the nature of material inserted into the voids. This conclusion emphasises the important part played by the mechanical construction of a plasma-catalytic reactor and how it is packed. For example, it has been noted that using a DBD reactor that is only partially filled with a catalyst doubles the CH 4 conversion and H 2 yield during the dry reforming of CH 4 with CO 2 compared to a filled reactor [43] .
The catalyst landscape is a hostile environment and is subjected to bombardment by ionised and energetic species including electrons and this will affect how the catalyst and its adsorbed species survive. It is well established that catalysts can be pre-treated by exposure to plasma for subsequent use in conventional thermal processing [44] [45] [46] . For example, using a low pressure glow discharge or radio frequency plasma with Ar, He, N 2 or air as a source of energetic electrons, it is possible to reduce a metal catalyst [47, 48] . Plasma preparation can change the dispersion of metals on a catalyst, allowing for the treatment of sensitive low temperature materials and for the production of novel classes of catalysts involving selective doping and the preparation of nanoparticles. It is highly likely that if plasma can be used to prepare a catalyst in isolation under controlled conditions, then with the normal operating conditions of plasma-catalysis some of the plasma activity may result in a continual modification of the catalytic surface. Marinov et al. [49] have noted this for a SiO 2 surface exposed to a low pressure nitrogen plasma commenting that the surface under contact with the plasma is not static and suggesting that this type of behaviour is expected for a range of surfaces and plasma chemistries. Recently, Gibson et al. [50] have studied the plasma-catalytic oxidation of methane using a Pd/Al 2 O 3 catalyst using X-ray absorption fine structure (XAFS) to give in situ structural information about catalyst during its exposure to plasma for the first time. They observed that there was no significant structural change to the catalyst but they were able to confirm from their XAFS data that there was heating of the metal in the range 150°C-200°C with the front of the catalyst bed being hotter than further downstream. This might be anticipated because the oxidation of methane is exothermic and its rate will be highest towards the start of the catalyst bed and similar temperature gradients in catalytic beds during plasmacatalytic processing due to reaction exo-or endothermicity have previously been observed using IR temperature measurements [51, 52] . However, Gibson et al. [50] were able to show that the same degree of catalyst heating was observed in the absence of the methane leading them to conclude that only the plasma is responsible for the catalyst heating. Clearly the influence of the release of chemical and plasma energy as heat in plasma-catalysis needs further study but it is evident that there are important temperature gradients in a catalyst bed when activated by plasma that must be incorporated into our descriptions of the mechanism.
Finally, we should consider how the catalyst and its adsorbed species might behave when exposed to the electrons produced by the discharge. Electron-stimulated desorption is a well-known process in surface science. This can arise due to local heating of the surface by electron impact leading to thermal desorption. It is also possible that the addition of electrons can affect the bonding between a molecular adsorbate and the surface creating repulsive interactions leading to desorption. Bal et al. [53] have used density functional theory to look at the effect of negative surface charging of a catalyst exposed to a plasma. They examined the activation of CO 2 on transition metal/alumina catalysts finding that the charging significantly enhances the dissociation of the CO 2 to CO by improving the reductive power of the metal and that the magnitude of this effect differs for different metals. Dissociative electron attachment to a species on the surface giving an anion that then dissociates may also be an important process in the cased of electronegative species. It has been shown [54] that low energy electron attachment to a CO 2 molecule adsorbed onto an oxygen vacancy on a TiO 2 surface brings about dissociation of the resulting CO 2 anion to give CO and the filling of the oxygen vacancy by the O -ion. The CO may then desorb or migrate to another region of the surface. Mei et al. [55] have developed this mechanism to describe the dissociation of CO 2 on photocatlytic materials such as BaTiO 3 and TiO 2 where plasma-produced electrons of sufficient energy can create electron-hole pair states in an analogous method to the excitation of these materials by photons of the same energy in photocatalysis. It has also been shown that altering the amount of oxygen vacancies in perovskite materials by doping can be effective in increasing the efficiency of ethyl acetate oxidation using such materials as catalysts in a DBD reactor [56] .
Conclusions
It is clear that determining the time-averaged bulk properties of the system can assess many of the gross attributes of plasma-activated catalysis such as yields of product, selectivities and energy efficiencies and how they vary with the operating conditions of the plasma and the choice and state of the catalyst. It is also clear that this level of information is often all that is needed to make decisions about how to optimise the system and engineer its scale-up. However, we need to be able to describe the structural and dynamic aspects of the plasma-catalyst aspects across a wide range of scales if we wish to be able to understand and explain the observations that we see in the bulk. Many of these effects have their origins in fundamental chemistry like the chemical composition of the catalyst and its properties such as electron structure, inter-and intramolecular interactions, its crystallinity and morphology. These are molecular properties and represent the lower limits of scale that we need to be able to study. We also need to understand and describe the properties of the bulk assembly of molecules that make up the catalyst and how this affect its electrostatic and electronic properties when subjected to the external and local fields associated with the plasma. This means that we need to cover distance scales that range from molecular (~nm) through microscopic (~µm) to the dimension of the reactor (~cm). We must also consider the thermodynamics of the overall reaction being pursued by the plasma-catalyst combination and the heat transfer processes both in the gas and solid phases and the sources of heating and their associated timescales. The dynamics of the molecular processes such as electron-impact excitation, ionisation and dissociation due to the plasma in both the gas and surface phases must also be considered; these also include collisional processes such as reaction, energy transfer, adsorption and desorption and transport properties such as diffusion and migration.
This requires the full range of time scales from picoseconds to minutes as demonstrated by Kim et al. [1] in Fig. 3 .
It is becoming apparent that understanding the mechanism of plasma-catalysis by regarding it as an additive effect of plasma acting alone and catalyst acting alone in the same system is too simplistic. It is far more complex than that: The addition or combination of the two techniques can bring about either a positive or negative overall effect; the former often being called synergistic. Plasma can bring about a reduced operating temperature for the catalytic process because non-thermal plasma can create at ambient temperatures high concentrations of species such as radicals, atoms and excited states that are normally only associated with high temperatures. The non-equilibrium nature and kinetics of the discharge sidesteps the normal demands of equilibrium thermodynamics. To begin to understand the mechanism of the interaction, I believe that we need to start with the catalyst and regard the plasma as a perturbation, discovering how the catalyst interacts at low temperature with the plasma-created species that are not normally present in conventional thermal catalysis but which may be key intermediates or represent novel reagents. In parallel, we must determine how the catalyst responds to the plasma in terms of its electrostatic properties affecting the spatial, temporal and energy distributions of ions and electrons and how the nature of the discharge might modify the electronic structure of the catalyst changing its binding properties with respect to adsorbed species. Many of the effects will be localised spatially and may also be temporally constrained. The effect of some of these interactions may be positive, some neutral and some negative compared with the normal catalytic process and the overall effect will then be the sum of the different interactions. The overall process is better described as "plasma-activated catalysis" or "plasmacatalyst coupling" rather than "plasma-assisted catalysis".
Neyts [15] has observed that plasma-catalysis is a complex process which is non-trivial to model as it poses the questions of "how to address the discrepancy in accessible time and length scales with respect to the experimental setup, and how can the different plasmaspecific factors be addressed?" Experimentalists can also ask exactly the same question as no single technique can give the full range of spatial and temporal resolution that we have identified as being necessary to describe plasma interactions with a solid catalyst in the presence of a gas stream. No single technique can probe all the properties that are required. In situ measurements are required to provide the fundamental information about the behaviour of the different species created in the gas-phase and on the catalytic surface that is necessary to test and develop the modelling. The modelling must also be able to incorporate the wide range of inhomogeneity in properties such as electric field, concentration, temperature etc. that are caused by the non-equilibrium nature of the plasma and the morphology of the catalyst. However, it is only by obtaining a fundamental understanding of these effects that we will be able to determine and specify the most effective composition and structure of catalysts for best performance under plasma activation and determine the optimal design, configuration and operating conditions for the plasma. The interaction between modellers and experimentalists is a vital part of understanding plasmacatalysis and thereby determining and developing the full potential of the technique.
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